Objective-To compare three statistical strategies for classifying positive treatment response based on a dimensional measure (Yale Global Tic Severity Scale [YGTSS]) and a categorical measure (Clinical Global Impression-Improvement [CGI-I]).
INTRODUCTION
Tourette Syndrome (TS) is defined by persistent motor and vocal tics beginning before age 18 years. Motor tics are usually brief, rapid movements of the face, shoulders and upper extremities, but may involve more complex and purposeful movements. Common vocal tics include throat clearing, grunting or coughing; complex vocal tics such as shrieks, words, parts of words or cursing occur in a minority of patients. The prevalence of TS in school-age children is estimated at 6 per 1000 [1] . In community and clinically-ascertained samples, children with TS have high rates of disruptive behavior and attention-deficit/hyperactivity disorder (ADHD) [1, 2] .
Although several instruments [3, 4] have been developed to measure tic severity, the Yale Global Tic Severity Scale (YGTSS) is the most commonly used measure in clinical trials [5] . This multi-dimensional, clinician-rated measure of tic severity has established reliability and validity [6, 7] . In addition to tracking tic severity in clinical trials, investigators and clinicians may be interested in the proportion of subjects showing a positive response in the active treatment group compared to a control condition [8, 9] . The clinician-rated Clinical Global Impression-Improvement (CGI-I) Scale is commonly used to assess overall change compared to baseline [10, 11, 12] . The CGI-I permits the rater to consider all available information (subjective report from the participant, reports from close family members and direct observation) in the assessment of change [13, 14] . In multisite trials, it has been shown that CGI-I training can reduce variability due to raters [13, 14, 15] .
Identifying the magnitude of tic symptom reduction on a dimensional measure associated with positive response on a categorical measure such as the CGI-I can facilitate comparison of treatments across clinical trials and also guide clinical assessment of interventions in routine patient care. We identified18 randomized medication trials targeting tics that used the Yale Global Tic Severity-Total Tic Score (YGTSS-TTS) as an outcome measure [5, 16] . Of these, only 9 studies included more than 30 subjects and few used the CGI-I as an outcome measure. Thus, the opportunity to determine the change score on the YGTSS-TTS associated with a positive response has been limited. Only one previous report explored the association of change on the YGTSS-TTS with improvement on the CGI-I in 108 youth with chronic tic disorders. This report identified a 35% reduction or an absolute drop of 6-7 points on the YGTSS-TTS corresponded to a rating of improvement on the CGI-I [5] . Although informative, this report compiled data from children who participated in randomized clinical trial showing no difference between drug and placebo, unblinded assessment of subjects in an open trial and unblinded assessment of patients in standard clinical care. The purpose of this study is examine the level of improvement on the YGTSS-TTS that predicts positive response on the CGI-I.
METHOD Design
The sample was derived from two multisite, behavioral intervention trials that used the same randomized design to evaluate the efficacy of a Comprehensive Behavioral Intervention for Tics (CBIT) compared to Psychoeducation and Supportive Therapy (PST). The first trial enrolled 126 subjects (age 9 to 17 years) [17] ; the second trial included 122 subjects (age 16 to 69 years) [18] . CBIT and PST each followed a structured therapy manual that was delivered in 8 sessions over 10 weeks by therapists trained to reliability [19] . The primary outcome measures were the YGTSS-TTS and the Improvement item of the Clinical Global Impression (CGI-I) scale. Treatment outcomes were assessed at baseline, Week 5 and Week 10 by an independent evaluator at each site who was blind to group assignment. Blinding of the therapist, subject and family was not possible.
Setting and Subjects
The child trial included 126 subjects (age 9 to 17 years) enrolled at Johns Hopkins University, University of Wisconsin at Milwaukee or University of California at Los Angeles. The adult trial enrolled 122 subjects (age 16 to 69 years) at Harvard University, University of Texas Health Sciences Center at San Antonio or Yale University. The trials were approved by the institutional review board at each site. Parental permission for minors or consent for adult participants was obtained prior to formal data collection.
Participants could be on medication for tics or for a co-occurring condition (e.g., attention deficit hyperactivity disorder, obsessive-compulsive-disorder (OCD) or generalized anxiety disorder) if the medication was stable for at least six weeks with no planned changes for the 10-week trial. Subjects with IQ below 80, with another psychiatric condition in need of treatment, a lifetime history of psychosis or pervasive developmental disorder were excluded. To be eligible, subjects had to have tics of at least moderate severity (CGI-Severity score of 4 or greater). In the child study, the YGTSS-TTS had to be > 13 for subjects with motor and vocal tics (subjects with motor or vocal tics only could enter with a YGTSS score > 9). In the adult trial, the YGTSS-TTS had to be > 14 for subjects with motor and vocal tics (subjects with motor or vocal tics only could enter with a YGTSS score > 10).
Measures
The pre-treatment eligibility assessment was similar in each trial and included collection of demographic information, medical history, age-appropriate structured psychiatric interviews, as well as symptom severity for tics, obsessions and compulsions and ADHD. This report focuses on the YGTSS and the CGI-I. .
Yale Global Tic Severity Scales-(YGTSS).
The YGTSS is a clinician-rated scale used to assess tic severity over the prior week. It includes a checklist of motor and vocal tics followed by an assessment of the number, frequency, intensity, complexity, and inference of motor tics and phonic tics -scored separately. Each of these dimensions is scored on a 0 to 5 scale. The YGTSS provides three tic severity scores: Total Motor (0 to 25); Total Phonic (0 to 25) and the combined Total Tic Severity Score (0 to 50), as well as a separate Impairment dimension scored from 0 to 50. The Total Tic Score (YGTSS-TTS) was used in these analyses.
Clinical Global Impression scales-(CGI). The CGI includes a Severity scale (CGI-S)
and an Improvement scale (CGI-I). The CGI-S is a seven-point scale that ranges from 1 (Normal) to 7 (Extreme) [10] . A score of 3 (Mild) reflects the presence of symptoms with little or no impairment; scores of 4 (Moderate) and higher (5=Severe; 6=Marked; 7=Extreme) reflect greater symptom acuity and impairment. Although tics were strongly weighted in the assessment of overall severity, raters used all available information to score the CGI-S. The CGI-I is also a seven-point scale that is used to rate overall change from baseline. Scores range from 1 (Very Much Improved) through 4 (No Change) and 7 (Very Much Worse). In this analysis, a score of 2 (Much Improved) or 1 (Very Much Improved) defined positive response.
Rater Training
Prior to subject enrollment, experienced clinical investigators (LS, JTW) trained the independent evaluators (IEs) for the study. The CGI (Severity and Improvement scales) and the YGTSS were described in detail. Case vignettes for the CGI and video recordings for the YGTSS were used for didactic purposes. As with the CGI-S, raters were instructed to weight tics in the assessment of change from baseline, but raters were also encouraged to consider all available information when scoring the CGI-I. Raters then independently scored the CGI (Severity and Improvement) on three new vignettes and the YGTSS on three new video recordings. To be considered reliable, raters had to be within one unit on the CGI (Severity and Improvement) of the gold standard rating without disagreement on eligibility or treatment response. For example, a disagreement on the CGI-S of 4 (Moderate) versus 3 (Mild) at baseline is one unit difference on the scale, but would affect study eligibility and was considered unreliable. On the CGI-Improvement, if the expert rater assigned a score of 2 (Much Improved) and the new rater gave a score of 3 (Minimally Improved), this would affect the classification of treatment response and was regarded as unacceptable. For the YGTSS, raters had to be within 15% of the experienced rater for the Total Motor Tic score, the total Vocal Tic score and the Total Tic Score on three recordings. IEs who did not meet criteria on the YGTSS or CGIs were given additional training and asked to score additional CGI vignettes or YGTSS video recordings until agreement criteria were met.
IEs also participated in monthly conference calls led by an experienced rater (LS). These calls provided a forum for discussing cases and developing a common approach to conducting assessments across sites. Raters who joined the trial in progress were trained in a similar manner (using email and telephone). New raters were also required to send their initial YGTSS recordings for qualitative review by an experienced rater (LS).
Interventions
CBIT is a practice-based cognitive behavioral intervention intended to improve the patient's ability to manage tics [17, 18, 19] . It consists of three central components: tic-awareness training, competing-response training, and functional analysis. Awareness training promotes early detection of tic signals (e.g., unwanted premonitory urges or warnings that often precede tics). Competing response training teaches the patient to engage in a deliberate behavior in place of the tic upon detection of the impending tic. Because the tic often relieves the premonitory sensation, blocking the tic with a voluntary action is intended to break the link between the unwanted sensation and performance of the tic. Functional analysis fosters identification of the situations and social reactions that heighten tic severity and development of management strategies to neutralize these events.
PST provides current information about tic disorders including the natural history, genetics, pathophysiology and available treatments for tics [17, 18] . In the child study, parents were included in PST sessions. PST did not include any discussion of tic management strategies.
Data Analysis
Method 1, Area under the receiver operating curve-To examine the association between the YGTSS-TTS and the CGI-I, the change on the YGTSS-TTS from baseline to Week 10 was compared across the full range (Very Much Improved through Very Much Worse) of IE-rated CGI-I scores. The area under the receiver operating characteristic curve (AUC) was used to evaluate the discriminative accuracy of the change in the YGTSS-TTS to predict positive response (Much Improved or Very Much Improved on the CGI-I). An AUC of 0.5 indicates that a given percent reduction on the YGTSS-TTS is no better than chance for predicting positive response on the CGI-I. A score of 1 represents perfect classification. An AUC > 0.8 is considered excellent discrimination [20] . We also assessed the probabilities of four CGI-I ratings (Very Much Improved, Much Improved, Minimally Improved, or No Change and all ratings reflecting worsening) across a range of percent reductions on the YGTSS-TTS. The probabilities of these CGI-I ratings were estimated with generalized multinomial logit model using PROC LOGISTIC with GLOGIT option in SAS version 9.2. Method 2, Signal detection analysis-Signal detection analysis (SDA) was used to identify the optimal percent reduction of YGTSS-TTS against the CGI-I score of 2 (Much Improved) and 1 (Very Much Improved). Starting with 15% reduction on the YGTSS-TTS and moving up in 5% increments, we calculated the sensitivity and specificity to predict positive response. The optimal cutoffs were determined by comparing the 2×2 weighted kappa statistic [21] , for a given reduction of YGTSS-TTS score and positive response on the CGI-I. The weighted kappa statistic (ranges from 0 to 1) measures the level of agreement between positive response on the CGI-I and the percent reduction on YGTSS-TTS. Higher scores on the kappa reflect better agreement level.
Method 3, Mixture model-. We also constructed a Response Model based on change in the YGTSS-TTS regressed on baseline score and measurement errors to develop a dimensional response (Appendix A). The parameters in Response Model were estimated with a mixture model using PROC NLMIXED in SAS version 9.2 (Appendix B). Odds ratios were calculated to compare the relative sensitivities of the three approaches (CGI-I, SDA, and Response Model) for detecting the efficacy of CBIT against PST.
RESULTS
Complete baseline data and complete Week 10 CGI-I data were available on 232 of the 248 randomized participants. Demographic and clinical characteristics by treatment group are shown in Table 1 . There were no significant differences between the two treatment groups. Half of the 232 subjects in this analysis were not on any medication; 73 (31.5%) were on a tic medication with no difference by treatment group. CGI-I data were missing for 16 subjects (7 in CBIT and 9 in PST) and were not included in the analysis. At endpoint, IEs were asked to guess the treatment assignment for each subject. The IEs guess was correct for 62% and 72% of subjects in CBIT and PST, respectively. This difference was not significant (Chi square =2.52, p=0.11).
To control for study, we used the Cochran-Mantel-Haenszel (CMH) Chi square test. On the CGI-I at Week 10, 56 subjects (47.9%) in CBIT showed a positive response (Much Improved or Very Much Improved) compared to 16 subjects (13.7%) in PST which was significantly different (CMH Chi square = 32.78; p < .0001). If the subjects with missing data were included and classified as "non-responders," the difference between CBIT and PST remained significant (45.2% vs. 12.9%, CMH Chi square=32.40; p<.0001). Considering the available sample as a whole (N=232), subjects rated with positive response on the CGI-I and those who did not show a positive response had similar YGTSS-TTS at baseline (24.5±6.5 and 23.4±6.4, respectively, p= .21). In a regression model controlling for baseline score, age, gender, and tic medication status, subjects with a positive response had significantly greater reduction on the YGTSS-TTS (10.6±5.0) compared to those with nonresponse (2.3±4.4) (p< .0001).
Area under the receiver operating curve to evaluate the association of reduction in YGTSS-TTS and original CGI-I ratings
The AUC of 0.91 (95% CI=[0.88, 0.95]) indicates outstanding discriminative accuracy for the change in the YGTSS-TTS to predict CGI-I classification. Figure 1 shows the mean YGTSS-TTS at baseline and Week 10 against CGI-I ratings at Week 10. With the exception of YGTSS-TTS over 30, tic severity at baseline was not predictive of positive response on the CGI-I. The generalized logits multinomial model estimated probability for each CGI-I level against percent reduction on the YGTSS-TTS. The probability of positive response (i.e., Much Improved or Very Much Improved steadily increases as the change in YGTSS-TTS exceeds 25%. Moreover, the probability of "No Change" or "Worsening" on the CGI-I remains high with percent reductions less than 25% on the YGTSS-TTS.
Means and standard deviations of YGTSS-TTS at baseline and Week-10 are shown in Table  2 . Except for a rating of Much Worse, the baseline YGTSS-TTS were not different by CGI-I rating. Not surprisingly, the largest reduction on the YGTSS-TTS was observed for subjects classified as Very Much Improved (from 22.81±5.82 to 8.00±6.68) followed by subjects classified as Much Improved (from 25.06±5.14 to 16.22±4.45). The average percent reductions were 67.1% (SD=19.3) and 35.2% (SD=14.3) in Very Much Improved and Much Improved, respectively. Table 3 presents the sensitivities and specificities for percent change (baseline to Week 10) on the YGTSS-TTS to predict positive response on the CGI-I across the entire sample (N=232). The weighted kappa statistics [κ(0.5)] used to identify the balance of false negatives and false positives showed maximum efficiency at 25% [κ(0.5)=0.68] reduction of YGTSS-TTS. As shown in Table 3 , this cutoff resulted in a sensitivity of 87% and specificity was 84%.
Signal Detection Analysis-
Mixture model to define a dimensional response model-The mixture model was used to estimate the percent reduction on the YGTSS-TTS that defines positive response without reference to the CGI-I. After plugging in the YGTSS-TTS at baseline and Week 10 into the Response Model for each subject, 83 of 232 participants (47.0 %) met criterion for the dimensional response. The minimum percent reduction on the YGTSS-TTS for subjects meeting the dimensional response was 23%; the mean was 34%. By contrast, an 8.7% reduction on the YGTSS-TTS was associated with non-response. Figure 2 shows the scatter plots of the YGTSS-TTS against the baseline score for positive response (on the CGI-I) and dimensional response (Response Model) at Week 10. Recalling that raters considered all available information (i.e., tic severity, distress, impairment) when scoring the CGI-I, the overlap of the plots for positive response (black circles) and non-response (open circles) is not surprising. By contrast, the dimensional response, based only on change in tic severity, shows less overlap. Nonetheless, the slopes of YGTSS-TTS from baseline to Week 10 were not much different for the dimensional response (Slope=0.72, 95% CI=[0.54, 0.90]) and positive response (Slope=0.76, 95% CI=[0.54, 0.97]). Table 4 shows the positive response rates and odds ratios (OR) with 95% confidence intervals for CBIT versus PST across the three classification methods. The OR of positive response (original CGI-I) for CBIT was 5.65 (95% CI= [2.97, 10 .74]). The ORs were lower in the SDA approach (3.27, 95% CI=[1.87, 5.72]) and Response Model analysis (2.86, 95% CI=[1.65, 4.99]). These lower ORs are likely due to the higher of positive response rates for PST in the SDA and Response Model compared to the original CGI-I (see Table 4 ).
Sixty subjects (51.3%) in CBIT met the benchmark of 25% or greater improvement on the YGTSS-TTS at Week 10, compared to 24.3% (n=28) for PST (Chi-square = 17.87, p < . 0001). In CBIT, 80% (48/60) of those who met the 25% improvement benchmark were rated as Much Improved or Very Much Improved on the CGI-I compared to 53.6% (15/28) of subjects in PST. If the CGI-I is conditioned on a 25% or greater decline on the YGTSS-TTS, subjects in CBIT were 3.47 times more likely (Chi square 6.56, p = 0.01; OR=3.47, 95% CI= [1.31, 9.20] ) to be rated Much Improved or Very Much Improved than subjects in PST.
DISCUSSION
In addition to effect size and the proportion of subjects showing a positive response, investigators and clinicians may be interested in the change on a dimensional measure that predicts positive response. This information promotes comparison of results across trials and provides a benchmark for patients in clinical settings. This secondary analysis combined samples from two 10-week, multisite, randomized trials of compared the efficacy of CBIT to PST on tics. The data set of 232 subjects with complete data (93.5% of the total combined sample) was used to compare three methods of mapping change on the YGTSS-TTS and positive treatment response. In the behavior therapy group, 56 of 117 (47.9%) subjects were classified by blinded raters as Much Improved or Very Much Improved on the CGI-I compared to 16 of 115 (13.9%) in the comparison condition.
Across both treatment groups, subjects rated Much Improved or Very Much Improved on the CGI-I showed a greater than four-fold reduction in YGTSS-TTS (10.6±5.0) compared to those who did not show a positive response (2.3±4.4). These results indicate that positive response on the CGI-I was mostly explained by the improvement of YGTSS-TTS (AUC=91%). A rating of Much Improved or Very Much Improved on the CGI-I was strongly associated with at least a 25% reduction on the YGTSS-TTS (Figure 1 ). However, 12 subjects in CBIT and 13 subjects in PST (10.8% of the entire sample) with 25% or greater improvement on the YGTSSTTS were not rated Much Improved or Very Much Improved. This finding suggests that change in tic severity alone did not determine CGI-I ratings. Nonetheless, the dimensional measure and the categorical measure were highly consistent in these trials and the study results are not ambiguous.
The SDA approach showed that a 25% reduction in the YGTSS-TTS also provided the optimal balance of sensitivity and specificity for predicting positive response on the CGI-I of Much Improved or Very Much Improved. This percent decline is similar to the reduction on the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) in sample of adults with OCD (30% reduction) and a sample of children assessed on the Children's Y-BOCS in OCD (25% reduction) [8, 9] . Our finding of 25% reduction is lower than the 35% reduction on the YGTSS-TTS reported by Storch and colleagues [22] . In that study of 108 pediatric subjects, about half were ascertained from a negative, placebo-controlled trial, about a third participated in an open trial and the remainder participated in regular clinical care. This heterogeneous sampling frame may explain the higher threshold of 35% reduction. In addition, unblinded assessments were conducted in about half of the sample, raising the possibility of bias in the rating. Not surprisingly, the sensitivity (87%) at the 25% reduction threshold on the YGTSS-TTS in the current study was higher than the sensitivity of 70% for the 35% reduction benchmark reported by Storch [22] . The specificities across the two studies (84% in the current study) and 87% in the prior report were similar.
The odds ratio of positive response for CBIT versus PST was 5.65 (95% CI= [2.97, 10 .74]) for the CGI-I compared to 3.28 and 2.82 for SDA and the Dimensional Response Model, respectively. This was due, at least in part, to the lower positive response rate in the PST group on the original CGI-I. As suggested by the high specificity, participants with less than 25% reduction in the YGTSS-TTS were rarely classified as achieving positive response in either intervention group. However, 53.6% (15 of 28) of subjects with 25% or greater reduction in YGTSS-TSS in PST were rated with positive response compared to the 80% (48 of 60) in the CBIT group. As a practice-based behavioral intervention, CBIT may have promoted greater self-efficacy and greater confidence in subjects -which was detected by raters. The blinded independent evaluators correctly guessed the treatment condition in 72% of PST participants (83 of 115) compared to 62% (73 of 117) for the CBIT condition. However, this difference was not significant, suggesting that raters did not simply associate lack of efficacy with PST and positive response with CBIT. This finding also suggests that treatment assignment was indeed blinded.
The mixture model was used to identify treatment response based only on the change of YGTSS-TTS (see Appendix A). This model provided consistent results with the other analytic approaches. Although 24.4% of subjects in PST achieved this dimensional response criterion compared to a positive response of 13.9% on the CGI-I, the rate of positive response in the CBIT group was similar across the three analytic approaches. Taken together, the 25% reduction in the YGTSS-TTS appears to be a valid benchmark for clinically meaningful improvement. These findings were based on a combined sample of two psychotherapy trials. Although each of these studies was larger than any prior drug study focused on tic severity, these results may not apply to clinical trials in psychopharmacology.
APPENDIX A
Response-Model For given the baseline YGTSS-TTS ( y 1 ), Week-10 YGTSS Total Tic Score (y 2 ) is predicted as following models;
where the error terms ε N and ε R have normal distribution with zero mean and standard deviations σ N and σ R . The location parameter β represents average reduction of Total Tic Score for non-response at Week 10 and other location parameter δ represents additional average reductions to be rated as dimensional response.
Then the YGTSS-TTS has a mixture of two normal distributions as following; The figure on the right shows the probability of CGI-I score at Week 10 derived from generalized logits model based on the percent reduction on YGTSS-TTS from baseline. For example, a 25% reduction in the YGTSS-TTS has about a 30% chance of being rated Much Improved; a 50% reduction in the YGTSS-TTS has 60% chance of being rated Much Improved. Positive response was defined as Much Improved or Very Much Improved. Thus, the probability of positive response is equal to the probability of Much Improved (CGI=2) plus the probability of Very Much Improved (CGI=1). the probability of CGI=2 decreases as the improvement in the YGTSS-TTS exceeds 50%, but the probability of CGI=1 incrementally increases with greater than 50% improvement in YGTSS. Therefore, the summed probabilities of the CGI=2 and CGI=1 increases as the decline in the YGTSS-TTS exceeds 50%.
Figure 2. Treatment response based on (CGI-I) and the Response Model at Week 10
The low YGTSS-TTS at baseline come from subjects (31.5%) with only motor of vocal tics. Positive Response (a) was defined by score of Much Improved or Very Much Improved on Clinical Global Impressions (CGI)-Improvement scae at 10 week. Table 3 Signal Detection Analysis predicting positive response based on percent reduction on YGTSS-TTS from baseline to Week-10 (b) Specificity is probability of not exceeding YGTSS-TTS reduction cutoff among patients scored 3 or higher on CGI-Improvement ("Non
Response").
(c) κ (0.5) is weighted kappa statistic measuring accuracy of prediction. Table 4 Odds Ratios for positive response in CBIT compared to PST across three classification methods
CGI-Improvement Positive Response
Signal Detection Analysis (a) Signal Detection Analysis defined positive response as ≥ 25% reduction on YGTSS-TTS at Week 10.
(b)
Odds Ratio reflects odds ratio for CBIT compared to PST without any adjustment (note: the odds ratios were not much different after adjusting for gender, age, medication, baseline YGTSS-TTS).
